The regionalization of the neural tube along the anteroposterior axis is established through the action of patterning signals from the endomesoderm including the organizer. These signals set up a pre-pattern which is subsequently re®ned through local patterning events. The midbrain-hindbrain junction, or isthmus, is endowed with such an organizing activity. It is able to induce graded expression of the Engrailed protein in the adjacent mesencephalon and rhombencephalon, and subsequently elicits the development of tectal and cerebellar structures. Ectopically grafted isthmus was also shown to induce Engrailed expression in diencephalon and otic and pre-otic rhombencephalon. Fgf8 is a signalling protein which is produced by the isthmus and which is able to mimic most isthmic properties. We show here that the isthmus, when transposed to the level of either rhombomere 8 or the spinal cord, loses its ability to induce Engrailed and cerebellar development in adjacent tissues. This is accompanied by the down-regulation of fgf8 expression in the grafted isthmus and by the up-regulation of a marker of the recipient site, Hoxb-4. Moreover, these changes in gene activity in the transplant are followed by a transformation of the fate of the grafted cells which adjust to their novel environment. These results show that the fate of the isthmus is not determined at 10-somite stage and that the molecular loop of isthmic maintenance can be disrupted by exogenous signals. q
Introduction
In the course of neurulation, the neural tube soon becomes regionalized along the anteroposterior (AP) axis, into a series of regions foreshadowing the forebrain, midbrain, hindbrain, and more caudally, the spinal cord. This is accompanied by the expression of genes in restricted domains of the AP and dorsoventral (DV) axis. Much experimental evidence points to the notion that this broad regionalization is triggered by signals emanating from the endo-mesoderm, including the organizer. Subsequently, local patterning events re®ne the differentiation of the central nervous system (CNS) (e.g. Lumsden and Krumlauf, 1996 for review) .
A particular region endowed with organizing activity has been identi®ed at the midbrain-hindbrain boundary area, also designated as the isthmus. The patterning activity of this region was initially demonstrated by Nakamura et al., (1986 Nakamura et al., ( , 1988 and Alvarado-Mallart et al. (1990) . These authors showed, by using the quail/chick chimera technique, that in the avian embryo after 2 days of incubation (E2) the neuroepithelium of caudal mesencephalon is able to convert the neurectoderm of more anterior encephalic vesicles into tectal structures. This conversion is preceded by the induction, in the host tissue, of the engrailed gene, which is normally expressed in a decreasing gradient on both sides of the isthmus, i.e. in the caudal midbrain and rostral hindbrain (Davis and Joynet, 1988; Martinez and AlvaradoMallard, 1990; Gardner and Barald, 1991; Martinez et al., 1991; Nakamura and Itasaki, 1992; reviewed in AlvaradoMallart, 1993) . It was further shown that the inducing signal is maximal in the isthmus (Crossley et al., 1996) . Depending on the receptor ®eld prepattern, induction of En protein synthesis was followed by the development of different brain structures: tectal in anterior brain areas and cerebellar posteriorly to the isthmus (Martinez et al., 1995) . The expression`tectal areas' actually refers to a patterned constellation of all midbrain derivatives (Marin and Puelles, 1994) , whereas induced`cerebellum' also includes isthmic and possibly other circum-cerebellar formations (Martinez et al., 1995) . The isthmic junction was further characterized by the production of two secreted proteins, FGF8 and Wnt-1, which have essential functions in midbrain and cerebellar development (Wilkinson et al., 1987; Noordermer et al., 1989; Molven et al., 1991; Heikinheimo et al., 1994; Crossley and Martin, 1995; Mahmood et al., 1995; Danielian and McMahon, 1996) . FGF8, applied to the diencephalon, not only induced En but also led to the differentiation of tectal structures (Crossley et al., 1996; Lee et al., 1997) . Moreover, partial impairment of fgf8 gene function severely altered midbrain and cerebellar development (Meyers et al., 1998; Reifers et al., 1998) and mutations in Wnt-1 gene led to midbrain deletions and reduction or absence of the cerebellum (McMahon and Bradley, 1990 ; Thomas and Capecchi, 1990; Thomas et al., 1991; McMahon et al., 1992) . Taken together, these experiments suggest that the isthmus, when transplanted ectopically, maintains its nature, probably by activating an endogenous molecular loop involving Wnt-1, FGF8, En and Pax2 (Lun and Brand, 1998) , and exerts its induction capabilities by secreting FGF8. Another secreted molecule is, nevertheless, likely to be involved, since FGF8 by itself is not able to modify the fate of the otic hindbrain (Crossley et al., 1996; Lee et al., 1997) .
Some of the mechanisms involved in the ®ne tuning of regionalization along the AP axis of the CNS have also been demonstrated at the hindbrain and spinal cord levels. Quail/ chick grafting experiments have shown that the expression of Hox genes and of transcription factors like MafB/Kr, that are known to specify segmental identity in the hindbrain and spinal cord (reviewed by Krumlauf, 1994) , is environmentally regulated by cues, unevenly distributed along the AP axis in the paraxial mesoderm (Itasaki et al., 1996; GrapinBotton et al., 1997) and in the neuroepithelium (GrapinBotton et al., 1995 (GrapinBotton et al., , 1997 . These cues correspond to posteriorizing signals, analogous to the`transformer' factor proposed by Nieuwkoop to be responsible for AP patterning of the CNS (Nieuwkoop, 1952a,b,c) . Actually, changing the AP position of rhombomeres from the otic rhombomeres (r) 5/6 to the post-otic (r7/8) level, not only results in the onset of gene activities but also in the acquisition of the phenotype characteristic of the posterior level. The source and nature of the substance(s) involved in this process is, so far, elusive.
The aim of the present investigation was to explore the competence of the posterior rhombencephalon and of the spinal cord, both to respond to the signal(s) emanating from the isthmus and to modify the normal gene expression and fate of the isthmus itself. We found that the capacity of hindbrain and spinal cord to respond to the isthmic signal(s) by producing En protein decreases from rostral to caudal. Moreover, the capacity of isthmic grafts to maintain fgf8 expression decreases after transposition of the isthmus to increasingly more caudal levels, while expression of Hoxb-4 increases. This eventually leads to a phenotypic posteriorization of the isthmic grafts. While previous transplantation experiments suggested that the isthmus was able to maintain its nature in ectopic location, these experiments show that the molecular loop of isthmic maintenance (Lun and Brand, 1998) can be disrupted by caudal signals.
Results

Posterior transformation of isthmus neuroepithelium transplanted to r8 and spinal cord levels
The isthmus removed unilaterally from stage HH9 1 -10 1 quail embryos, was grafted in r8 position, facing somites 3/ 4, in stage-matched chick recipients (Fig. 1A ). Chimeras were ®xed at stage HH22 and alternate sections were analyzed for En protein and Hoxb-4 and fgf8 mRNA expression, and treated with the QCPN mAb to localize grafted quail cells (Fig. 1B,C,E) . Hoxb-4 expression was maintained in the host (n 8=8) and induced in the graft (n 7=8) (Fig. 1F) . Induction was partial in most cases. En protein was maintained in the graft and induced in host tissues (n 6=6) (Fig. 1D ). Fgf8 expression observed at stage HH22 was either, not detectable (n 2=8) (Fig. 1G) , or limited to a faint dorsal expression at one end of the transplanted isthmus (n 6=8).
When quail isthmus was grafted in the spinal cord, Hoxb-4 expression was always maintained in the host spinal cord (n 7=7), and was uniformly induced in the graft (n 7=7) (Fig. 2D) . En was maintained in the graft but never induced in host neural tissues (n 7=7) (Fig. 2C) . No fgf8 expression was ever observed after 72 h survival (n 7=7) (Fig. 2E) .
These results show that En is not repressed in isthmic tissue at this stage by the posterior environment. Hoxb-4 induction in transplanted isthmic neuroepithelium is more complete after grafting in the spinal cord than in r8. En and Hox genes can, therefore, be coexpressed in the neuroepithelium. Fgf8 is down-regulated by the posterior environment. En is not induced in host spinal cord by the isthmus, but is observed in r8 tissue adjacent to the graft, even though fgf8 is weakly expressed, or not expressed, at the end of the experiment.
2.2. Graft of r1/2 to r8 level shows that En expression does not require isthmic signals after stage HH9 Hoxb-4 expression was maintained in the host until stage HH22 (n 13) and induced in the graft (n 8=13). Induction was partial in most cases (n 7=8), in the ventral portion of the graft, and complete in one case. Also, En was maintained in the r1/2 graft (n 9=10), but was not induced in the host in the large majority of cases (n 8=10) (Fig. 3B) . In two chimeras, there was partial induction of En rostrally in the host, suggesting that part of the isthmus had been grafted together with r1/2.
These results show that En expression in r1/2 is cell autonomous at this stage, but that r1/2 don't have the ability to induce En in adjacent tissues.
Graft of r8 or spinal cord to the level of the isthmus
In the reverse experiments, when r8 neuroepithelium was grafted unilaterally to the level of the isthmus, Hoxb-4 expression was always maintained in the transplanted neuroepithelium and was induced in adjacent r1 or in the mesencephalon in 6/14 cases. En was always induced in the graft, either partially (n 9=12) or pervasively (n 3=12). When the induction was partial, it always occurred on the side of the graft which was close to the isthmus. In 3/12 cases, the graft had formed an independent vesicle outside from the neural tube, where En induction occurred in all cases. These experiments con®rm that r8 neuroepithelium is competent to express En while r1, and the mesencephalon as well, can be led to express Hoxb-4 (Grapin-Botton et al., 1997) . Fgf8 signal was, in general, not observed within the graft except in four cases where a few fgf8-expressing cells were found.
Unlike isthmus-to-hindbrain grafts, in isthmus-to-spinal cord transplants, En was not induced in the host neural tissues. To investigate whether this was due to the absence of competence of the spinal cord to respond to anterior inductive signals, we grafted quail spinal cord fragments into chick isthmus and analyzed En expression at stage HH24±25. We observed that En was reproducibly induced in the grafts (n 11=13) attesting for their competence (Fig.  4A,B) . In 3/13 cases, the grafts were outside of the tube but a similar induction took place (Fig. 4C±E ), suggesting that En induction by the isthmus does not strictly require planar signalling or contact of the graft with the local neural epithelium. It seems, therefore, that the absence of En induction in the spinal cord neural epithelium after posterior transplantation of the isthmus is related to the down-regulation of fgf8 in the transplant.
Time course of fgf8 down-regulation after posterior transplantation of the isthmus
The induction of En in tissues adjacent to the isthmic graft, in the isthmus-to-r8 transplantation paradigm, was an unexpected ®nding given the down-regulation of fgf8 in the transplant. We hypothesized that fgf8 might be repressed belatedly, after having exerted its inducing properties. We therefore analyzed the time course of fgf8 down-regulation by whole-mount in situ hybridization.
At the time of grafting (stage HH9 1 -10 1 ), fgf8 was already expressed in the isthmus in a wide diffuse band. Six hours after grafting the isthmus to r8 level (Fig. 5A ), the same pattern was observed in the ectopic (n 3) as in the endogenous isthmus. At stage HH14±15, 1 day later, a normal fgf8 band was still observed in 3/8 cases. In the remaining cases, fgf8 expression was fainter ( Fig. 5B ) and mostly restricted to the dorsal anterior and/or posterior sides of the graft (5/8 cases). Two days after grafting, at stage HH20, fgf8 expression was fainter than the endogenous band and limited to the dorsal, anterior and/or posterior sides of the graft (n 4) ( Fig. 5C ). At stage HH22, 3 days after grafting, whole-mount in situ hybridization con®rmed what was observed on sections (see above), that is, either an absence of fgf8 expression (n 5=8) (Fig. 5D ) or a faint expression limited to the dorsal side of the graft (n 3=8). Fgf8 was still expressed in the endogenous isthmus at this stage (idem stage HH20 shown in Fig. 5C ).
When the isthmus was grafted more caudally at the level of the cervical spinal cord (Fig. 5E ), facing somites 7/8 or 9/ 10, one day after grafting, fgf8 expression was fainter than in the endogenous isthmus and restricted to the dorsal, anterior and/or posterior side of the graft (n 6=11) (Fig. 5F ,G), absent in three chimeras and normal in two, at stage HH14±15. At stage HH20, its expression was completely abolished (n 7) (Fig. 5H) . The faster down-regulation of fgf8 in the spinal cord as compared to r8 transplantations probably explains why En was not induced in adjacent tissues in the spinal cord.
Fgf8 expression was always maintained at stage HH20 in the grafted isthmus if it had been implanted to the otic and pre-otic hindbrain (n 7 whole-mount, n 4 sections) (Fig. 5I±M) . Its expression pattern in the transplant was, however, modi®ed. Instead of a band in the middle of the graft, it formed a band at the limit between graft and host on one side (n 6) or on both sides of the transplant, rostrally and caudally (n 5). In four cases, an additional band, presumably corresponding to the original isthmus, was present in the middle of the graft. In situ hybridization on sections, combined with QCPN immunocytochemistry (n 4), showed that fgf8 expression at graft boundary occurred both in grafted isthmus and in pre-otic hindbrain host tissue (Fig. 5K±M) .
Wnt-1 expression after transplantation of the isthmus to the level of the cervical spinal cord
Since fgf8 was down-regulated after posterior transpositions, we investigated whether another marker of the isthmus, Wnt-1, was similarly affected. Two days after transposition of the chick isthmus to the level of the cervical spinal cord, facing somites 7/8, we observed that Wnt-1 was normally expressed, i.e. dorsally in the donor and the recipient tissues. In addition, a transverse band of expression, reminiscent to the isthmic expression pattern, was observed in all cases (n 5) (Fig. 6B,C) . Although it did express Wnt-1, the ectopic isthmus did not induce En in adjacent spinal tissues.
Competence of the isthmus to express Hox genes
It has been previously shown that the posteriorization of the neuroepithelium in the caudal hindbrain region can be induced by posterior somites (Itasaki et al., 1996; GrapinBotton et al., 1997) . We thus decided to test if fgf8 downregulation in isthmic cells could be triggered by positional cues originating from the paraxial mesoderm. When somites 7±10 were grafted laterally to the isthmus (Fig. 7A ). Fgf8 expression was found to be normal (n 18=18) (Fig. 7D) as well as that of En (n 9=9) and of Wnt-1 (n 9=9). Hoxb-4 was nevertheless induced in the mesencephalon (n 12=29) or in r1 (n 20=29) (Fig. 7C ) when the grafted somites extended away from the isthmus rostrally or caudally, respectively. Hoxb-4 was usually not induced in the isthmus itself, although somitic quail cells were very close to it (Fig.  7B,C) . In two cases out of 29, a faint induction may have occurred. Although the isthmus is competent to express Hoxb-4, as demonstrated in isthmus to spinal cord r8 grafts, its competence is lower than that of the adjacent neuroepithelium. Analysis of adjacent sections showed that the domain which was refractory to induction of Hoxb-4 expression corresponded to the fgf8 expressing domain: Hoxb-4 and fgf5 were only exceptionally found to be coexpressed (n 1=18) (Fig. 7C,D) . In contrast, Hoxb-4 was observed in the Wnt-1 expressing domain (n 9/9).
Long term development of caudally transplanted isthmus and anterior rhombencephalon
When the isthmus was transplanted into r8, it expressed a combination of genes and proteins which is not seen in a normal embryo: the presence of En and Wnt-1 conforms with the origin of the graft while Hoxb-4 is induced by the host site, which also represses fgf8 expression. Seven chimeras were incubated until E12 in view of analyzing the ®nal organization of the brain nuclei at the experimental site. In all cases, the dorsal part of the graft yielded cerebellar structures (Fig. 8) . In one case, the ectopic tissue included tectum-like structures in addition to the cerebellum. Curiously, the lobular foldings of the ectopic cerebellum were oriented perpendicularly to those of the endogenous cerebellum (Fig. 8) . Host cells never contributed to the ectopic cerebellum (Fig. 9B) , although some of them were found, earlier on, to express En. In addition, some indications of a posterior phenotypic transformation of the graft were also apparent. Grafted quail cells were found integrated within the inferior olivary nucleus (n 4=7), in the nucleus descendens trigemini (n 5/7), in the vagal nucleus (n 3=7), the nucleus of the solitary tract (n 1) and the supraspinal nucleus (n 1) as analyzed on cresyl violet stained sections (Fig. 9A,B,E) . Some compartments of the inferior olivary nucleus express Ben protein (Chedotal et al., 1995) . The contribution of the graft to the inferior olivary nucleus was corroborated by the colocalization of Ben and quail cells (Fig. 9B,D) . The contribution to the nucleus of the solitary tract was con®rmed using a calbindin mAb (Fig. 9B,C) .
Similar observations were made when r1/2 was grafted into r8. In these cases, only a partial phenotypic transformation occurred, most likely re¯ecting both persistent En expression and partial Hoxb-4 induction in the graft. In all cases, a rudimentary ectopic cerebellum was derived from the graft along the dorsal aspect of the host neural tube. In all cases, an external granule cell layer (EGL), composed entirely of graft-derived quail cells, was present along the dorsal surface of the host neuroepithelium. In one chimera, a stream of graft-derived EGL cells were observed along the dorsal chick neuroepithelium, recapitulating the normal anterior migratory pattern of rhombic lip cells of the anterior metencephalon (Hallonet et al., 1990; Tan and Le Douarin, 1991) . Host cells never contributed to the ectopic cerebellum. There was some evidence of a partial posterior phenotypic transformation of the r1/2 graft. Graft-derived quail cells contributed to the inferior olivary nucleus (ION) in all cases (4/4), as well as to the nuclei of cranial nerves IX±X (2/4). When the isthmus was grafted into the spinal cord, we found in 3/7 cases an apparently complete posterior transformation of the graft. Over the entire length of the graft we found a typical anterior horn with motoneurons and a normal dorsal horn with the typical cell layers, substantia gelatinosa, nucleus proprius, marginal layer (Fig. 10A,B) . There was usually no ectopic tectum or cerebellum, except for one case out of seven where the graft was not well integrated in the host.
Discussion
In this work we have applied the neurectoderm AP transposition paradigm to further explore the dominance of posterior upon anterior signals in CNS patterning. This technique is particularly informative since it allows the testing of the effect of cues speci®c for a given transverse embryonic level on immediate genetic, as well as long term phenotypic, responses of neural epithelium (Grapin-Botton et al., 1995; . The avian embryo is unique as an experimental model for this kind of analysis and the precision of this technique is greatly enhanced when quail and chick embryonic tissues are combined, since donor and host cells can be clearly and durably recognized.
The inductive capacities of the midbrain-hindbrain junction (or isthmic organizer) have been amply demonstrated in earlier studies (Martinez and Alvarado-Mallard, 1990; Gardner and Barald, 1991; Martinez et al., 1991; Nakamura and Itasaki, 1992; reviewed in Alvarado-Mallart, 1993; Martinez et al., 1995) and fgf8 has been recently shown to mimic the inductive capacity of the isthmus (Crossley et al., 1996; Lee et al., 1997) . Thus, heterotopic transplantation of the area including the midbrain-hindbrain junction, along the AP axis within most of the domain of the encephalic vesicles at E2±E3, results in the induction of the engrailed gene in the surrounding host neuroepithelium followed by its differentiation into tectal or cerebellar structures. Moreover, upon transplantation, the isthmus territory develops in an autonomous manner.
We show here that, as already observed for anterior rhombomeres as well as mesencephalic and prosencephalic neuroepithelium (Grapin-Botton et al., 1995; , the isthmus, transplanted posteriorly to the r7 level is induced to express Hox genes of the 4th paralogous group (Hoxb-4). The more posterior the transplantation, the stronger expression of Hoxb-4 in the transplant. Moreover, as the graft is implanted in more posterior levels, a marker of the isthmus, fgf8 mRNA is turned off in a manner which becomes more ef®cient from anterior to posterior. It is likely that the absence of fgf8 expression accounts for the inability of the ectopic isthmus to induce En in adjacent tissues. Wnt-1, unlike fgf8, is maintained, but other signalling molecules could have also been down-regulated by the posterior environment (Maruoka et al., 1998) .
Our experiments also show that the posterior environment is not able to down-regulate En expression, which is always maintained in the caudally transplanted isthmus. Ang and Rossant (1993) found that at an earlier stage, the posterior endo-mesoderm of the mouse is able to prevent En expression in anterior neural tube. In their experiments, fgf8 expression might have been down-regulated by the posterior endo-mesoderm, leading to an absence of En induction rather than a direct effect of the posterior environment on En expression. Interestingly, in addition to being expressed in the isthmus, fgf8 is also expressed in the caudal neuroe- 1 -10 1 quail isthmus was grafted into a stage-matched chick host, at the level of rhombomeres 3/4. (J) Two days after grafting, at stage HH20, a band of strong fgf8 expression was maintained in the center of the graft, with an expression level similar to that of the host isthmus. In addition, a thin band of fgf8 expression was induced rostrally at the boundary between host and graft. (K±M) Alternate frontal sections of another embryo. (K) Fgf8 expression levels are also similar in the graft and the host isthmus. The area boxed is magni®ed in (M). (L) An adjacent section to (M) shows the localization of the graft using QCPN-anti-quail-mAb. Comparison of (L) and (M) shows that fgf8 is expressed in the graft, the expression domain being on the rostral end of the graft and not centrally like in (J). In addition, fgf8 expression extends in host tissues adjacent to the graft. Arrowheads show the limits of the grafts. Scale bars, (G,L) 200 mm; (K) 500 mm.
pithelium of the sinus rhomboidalis (Heikinheimo et al., 1994; Crossley and Martin, 1995; Mahmood et al., 1995; ) . This suggests that the posteriorizing signals responsible for fgf8 down-regulation in the transplanted isthmus either are not present in the caudal-most region at that stage, or are overcome locally by other signals.
We, and others previously, showed that the signal which is able to induce posterior Hox genes and to repress anterior markers in the hindbrain is located in the neurectoderm (Grapin-Botton et al., 1995) and also the somites (Itasaki et al., 1996; Grapin-Botton et al., 1997) . Fgf8 in the isthmus, is not repressed when somites are grafted adjacent to it, nor is it repressed by planar signals emanating from spinal cord grafts. Somites grafted lateral to the mesencephalon, isthmus and metencephalon induce Hoxb-4 rostrally and caudally to the isthmus but not in the isthmus itself. This shows, therefore, that the competence of the isthmus to express Hox genes is lower than that of the adjacent neuroepithelium and can be overcome only after caudal transplantations, which likely provide more of the posteriorizing molecule(s). The region which is refractory to Hox gene expression corresponds to the fgf8 domain and not to the Wnt-1 expressing domain.
The fact that isthmus grafts are also able to induce En in the post-otic hindbrain but never in the spinal cord, is not due to an absence of competence of the spinal cord to express En, since En can be induced in spinal cord fragments transplanted into the isthmus. The latter experiment also shows that the inductive effect is more potent in the isthmus in situ than when it is transplanted caudally.
The posterior transplantation of isthmic or r1 tissue leads to the expression of a molecular code which normally does not exist in the embryo, En being coexpressed with posterior markers in the graft and, in certain conditions, in host tissues. The fates of the transplanted isthmus and r1 were, therefore, of interest. After transplantations into r8, we observed a partial transformation of the grafts into a caudal fate. The cells at the extremities of isthmic transplants were often converted to constitutive cells of the endogenous r8 nuclei, but neither isthmic nor post-otic hindbrain nuclei were identi®ed in the central part of the transplants. Moreover, the dorsal part of both isthmic and r1 grafts, always gave rise to cerebellar structures. This correlates with the fact that Hoxb-4 is usually not turned on in cells in the center of the graft. Some of the cells could thus keep their initial fate and form the cerebellum. Although they expressed En, host tissues did not contribute to the cerebellum, suggesting that Hox genes imposed the fate when competing with En. This was con®rmed by the observation that when the graft was more caudal, posterior phenotypic transformations could be observed in the transplant, although En expression was maintained up to 3 days after grafting.
One of the striking results of these experiments is the down-regulation of fgf8 by the spinal cord and posterior hindbrain environment. Fgf8 is normally expressed in the isthmus, which is separated from this inhibitory region by a signi®cant distance. We showed that the region located between the isthmus and the level of the ®rst somites is devoid of fgf8 inhibitory activity between stages HH9 and HH20. We hypothesize that the posteriorizing signals present in the somite-lined region are also present at an earlier developmental stage at more anterior levels, and participate in de®ning the zone of fgf8 expression. A progressive caudal shift of mesodermal posteriorizing substances has already been evidenced using other markers, characteristic for other AP levels of the neuraxis. Muhr et al. (1997) reported the existence of a posteriorizing signal arising from the lateral mesoderm which induces in the telencephalon, markers which are normally only expressed from the diencephalon caudal-ward. They showed that this signal progressively moves caudally, being present around Hensen's node at stage 4, in the presumptive mesencephalon and more caudal regions at stage 6, from the otic hindbrain caudal-ward at stage 7 and from somite 3 level caudalward at stage 8. Similarly, the region which is able to upregulate Hoxb-4, a marker of the post-otic hindbrain, moves caudally from somite 2 at the 2-ss to somite 5 at the 10-ss (Itasaki et al., 1996) .
Fgf8 could be expressed within a speci®c window of signal supply, with lower quantities being insuf®cient to promote its expression, and higher quantities repressing it in the same way as MafB/Kr in the r5/6 region (GrapinBotton et al., 1998) . This patterning event would lead to a diffuse fgf8 expression, as seen at early stages of fgf8 expression and would be later re®ned by additional mechanisms that sharpen the band of expression.
The transplantations in the pre-otic and otic regions give some insight into the mechanisms which lead to the sharpening of fgf8 expression domain. When the isthmus is grafted into r4/5, fgf8, which is expressed in the whole transplant at the time of grafting, instead of sharpening into a band in the center of the graft becomes restricted to the sites of contact between graft and host. This induction suggests that fgf8, like Wnt-1 (Bally- Cuif and Wassef, 1994) is induced between regions which express different markers.
Materials and methods
Microsurgery
Quail (Coturnix coturnix japonica) and chick (Gallus gallus) eggs from commercial sources were used throughout this study. Microsurgery was performed on embryos between 8-and 11-somite stage (8±11ss), i.e. stage 9 1 -10 1 of Hamburger and Hamilton (1951) (HH), corresponding to about 34 h of incubation in a humidi®ed atmosphere at 388C. A window was cut in the shell and India ink diluted 1:1 in PBS was injected into the sub-blastodermal cavity in order to make the embryonic structures more visible without using any`vital' stain. The vitelline membrane was opened and a piece of neurectoderm was removed on one side of the neural tube, using a steel needle sharpened on an Arkansas stone as a microscalpel. The removed piece had a length of about 160 mm and spanned the alar plate when it was taken from the isthmic region and the basal and alar plates in the 1 -10 1 quail isthmus was grafted into r8 level, facing somites 3/4, in a stage-matched chick host. The dissected brain of an E12 chimera has an ectopic cerebellum with foliation perpendicular to the endogenous one. Ot, optic tectum; Cer, cerebellum; Cer*, ectopic cerebellum. hindbrain. The¯oor plate was left in situ to avoid taking out the notochord. Elected fragments of donor quail neuroepithelium were dissected out with a microscalpel and substituted to the removed area of the chick host. The dorsoventral and anteroposterior orientations of the graft were always maintained. The operated chick eggs were sealed with tape and incubated further for diverse survival times (see below).
The position of the isthmus and caudal rhombomeres are de®ned slightly differently by Vaage (1969 Vaage ( , 1973 or Lumsden and Keynes (1989) . Using morphological boundaries as landmarks, Vaage (1969) identi®ed an isthmic segment plus seven rhombomeres (r1±r7); his r7 ends primarily at the middle of the ®rst somite, but fuses later with the two rostral-most myelomeres to give a larger unit symbolized as`r7', ending at somite 3. This level was considered by him to be a myelo-spinal limit corresponding to the mature bulbospinal junction. Lumsden and Keynes (1989) substituted Vaage's`r7' rhombomere by novel r7 and r8 units, attributing the prospective bulbospinal junction to a level two somites farther back (somites 4±5). The location of the r7/r8 limit was not de®ned exactly. For our purposes, we assume that r7 reaches down to somite 1 and r8 can be found lateral to somites 2±4, inclusively. The isthmic organizer tissue (referred to henceforth in this paper as`isthmus', for simplicity) can be identi®ed as a constriction between the midbrain and the hindbrain from 8ss onward (stage HH91).
In situ hybridization
To generate suitable probes for the in situ analyses, we used the following cDNA fragments: a 1170 bp fragment of chicken Hoxb-4 subcloned in pBluescript (Sasaki and Kuroiwa, 1990) , a 800 bp fragment of fgf8 in pBluescript (Crossley et al., 1996) , and a 423 bp fragment of chicken Wnt-1 in pBluescript (Bally-Cuif and Wassef, 1994) . The RNA probes were labeled either by incorporation of For non-radioactive, in situ hybridization, chimeras were ®xed in paraformaldehyde (Stra Èhle et al., 1994) , embedded in gelatin 7.5%-sucrose 15% and cryostat-sectioned at 10 mm. The sections were harvested alternately on parallel series of Superfrost slides. Alternate slides were hybridized with digoxygenin probes as described by Stra Èhle et al. (1994) .
Radioactive hybridizations were carried out as previously described (Eichmann et al., 1993) . Probes were used at a minimum concentration of 10 4 counts/min per ml. Time of exposure to photographic emulsion was 7 days. The sections were counterstained with Gill's hematoxylin.
Whole-mount non-radioactive in situ hybridizations were performed according to the method of Henrique et al. (1995) . For sectioning, the labeled embryos were embedded in albumin 45%/gelatin 1.5%/glutaraldehyde 1.5% in phosphate buffer 0.12 M and 50 mm vibratome sections were cut. 
